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Pancreatic ␤-cell dysfunction and insulin resistance are the hallmark of type 2 diabetes. Various inflammatory cytokines and oxidative stress produced by islet-infiltrating immune cells have been proposed to play an important role in mediating the destruction of
␤ cells [1, 2] . Diabetes has also been considered as an oxidative inflammatory disorder due to malnutrition characterized by an increased intake of total and n-6 fats and decreased intake of n-3 fats and antioxidants. Malnutrition in the modern diet induces oxidative stress and activates the immune system resulting in immune suppressive, pro-inflammatory and thrombogenic lipid metabolites [3] . [4] . Both exercise and caloric restriction, known to be able to improve diabetes, have been shown to affect the phagocytic activity of macrophages in the Zucker rat (fa/fa), a model for the study of immune function in type 2 diabetes mellitus [5] .
Improving immune function has been used as a strategy to improve diabetes. For example, immuno modulators, or cytokineinducers have been tried to prevent insulin-dependent diabetes mellitus (IDDM) and also non-insulin-dependent diabetes mellitus (NIDDM) in animal models
The resistance, defects in insulin secretion [6, 7] , decreased exploratory activity and learning impairments [8] , mitochondrial dysfunction [9, 10] and increased mitochondrial susceptibility to oxidative stress [11] . However [18] . 
non-obese Goto-Kakizaki (GK) rat is a model of type 2 diabetes with an early manifestation of symptoms at 4-6 weeks after birth. This model was established from normal Wistar rats by selectively breeding the animals with signs of impaired glucose tolerance and is characterized by hyperglycaemia, impaired glucose tolerance, abnormal hepatic glucose production, insulin
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Materials and methods
Animals and treatments
Assay of intracellular calcium levels in thymocytes
Immunomodulating parameters in plasma
As shown in Fig. 2 (Fig. 3A) and thymocytes (Fig. 3B) Western blots of protein carbonyls in plasma (Fig. 3C , upper) and thymus (Fig. 3E, upper) , (standardized with Coommassie blue stained gels as an equal protein reference in plasma (Fig. 3C,  lower) and thymocytes (Fig. 3E, lower) ), and the quantitative results (Fig. 3D for plasma 
ROS production and intracellular calcium levels in thymocytes
As shown in Fig. 4A 
T-AOC, GSH, and the activities of antioxidant enzymes SOD and GST in plasma and thymocytes
T-AOC levels in plasma (Fig. 5A) and thymocytes (Fig. 5B) (Fig. 5D) ; however, GSH levels were unexpectedly increased in the plasma of GK rats (Fig. 5C ). All treatments seemed to normalize the GSH to the levels in Wistar rats. The low-dose nutrients and pioglitazone both normalized GSH significantly in thymocytes (Fig. 5D) . The lowdose nutrient treatment also showed a non-significant trend toward normalization of GSH in GK rat plasma (Fig. 5C) . (Fig. 5E) and thymocytes (Fig. 5F) (Fig. 5G) and thymocytes (Fig. 5H) 
Members of the phase 2 GST enzyme family catalyse the conjugation of reduced GSH via its sulfhydryl group, to electrophilic centers on a wide variety of substrates. The activation of GSTs is in the detoxification of endogenous compounds such as peroxidized lipids as well as in the metabolism of xenobiotics. GST activity in the plasma
of GK rats was significantly lower than that in Wistar rats. The low-dose nutrient treatment significantly prevented the decrease in GST enzyme activity in both plasma and thymocytes; the pioglitazone treatment only showed protection in thymocytes, while the highdose nutrient treatment did not show protection in either plasma or thymocytes. The enzyme SOD catalyses the dismutation of superoxide into oxygen and hydrogen peroxide and provides an important antioxidant defence in nearly all cells exposed to oxygen. Similar to the changes in GST enzyme levels, GK rats, compared with Wistar rats, had a significant decrease in SOD activity in both plasma
. Similar to its effect on GST, the low-dose nutrient treatment, like the pioglitazone treatment, significantly inhibited the reduction in SOD activity in both plasma and thymocytes in the GK rats. The high-dose nutrient treatment did not show any protection.
Mitochondrial membrane potential in thymocytes
We examined the MMP by JC-1 fluorescence. As shown in Fig. 6 Fig. 7A; quantitative results, Fig. 7B ) and also caspase 3 (Western blotting, Fig. 7C; quantitative results, Fig. 7D [21] . The proliferation of lymphocytes stimulated by mitogen has been applied to test immune function in diabetic animal models [22] and in patients [23, 24] [22] and in clinical diabetic patients [23, 24] . [25] . In our study, pioglitazone showed beneficial effects on immune function in GK rats. The nutrient treatments, especially at the lower dose, demonstrated greater beneficial effects than pioglitazone. These results are consistent with our previous observation that lipoic acid and acetyl-L-carnitine acted as PPAR␥ agonists in adipocytes [26] . 
, GK rats demonstrated a significant decrease in MMP, to about half the level in Wistar rats (51.54 ± 5.90% versus Wistar 100%, P < 0.01). Among the three treatments, only the low-dose nutrient treatment significantly inhibited the decrease in MMP in GK rats.
Fig. 1 Effects of treatments on thymus and spleen cell proliferation and thymus index. (A) Proliferation of thymocytes; (B) Proliferation of splenocytes and (C) Thymus index. Data are means ± SEM of six animals (n = 6) in each group. *P < 0.05 and **P < 0.01 versus Wistar group; #P < 0.05, ##P < 0.01 versus Goto-Kakizaki (GK) untreated group.
Fig. 2 Effects of treatments on the anti-inflammatory and inflammatory factor levels in rat plasma. (A) Adiponectin; (B) Tumour necrosis factor-␣ (TNF-␣), and (C) C-reactive protein (CRP). Data are means ± SEM (n = 10). *P < 0.05 versus Wistar group; #P < 0.05 versus GK untreated group.
Apoptosis-related factors p53, p21 and caspase-3 in thymocytes
P53 protein expression was significantly increased in the thymocytes of GK rats, compared with that in Wistar rats and the increase in p53 was accompanied by an increased expression of p21 protein (Western blotting,
Immune dysfunction in type 2 diabetic GK rats
Concanavalin A (Con A)-induced mitogen responses of rat splenocytes and thymocytes are important indices of immune function, since the proliferation of lymphocytes correlates well with the capacity of the immune system to fend off infections in vivo [21]. This proliferative process leads to an increase in the number of antigen-specific lymphocytes and is a key contributor to the regulation, amplification and memory capabilities of the cell-mediated immune response
Pioglitazone, a drug approved for treatment of type 2 diabetes, is an agonist of the peroxisome proliferator activated receptor ␥ (PPAR␥) and acts as an insulin sensitizer. Pioglatazone and other thiazolidinediones have recently been implicated as regulators of cellular inflammatory and immune responses and are thought to exert anti-inflammatory effects by negatively regulating the expression of pro-inflammatory genes
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Fig. 3 Effects of treatments on lipid peroxidation (MDA) and protein oxidation (carbonyls). (A) Malondialdehyde (MDA) in plasma; (B) MDA in thymus; (C) Western blotting for protein carbonyls (upper) and Coommassie blue staining for protein levels (lower) in plasma; (D) Quantitative results of protein carbonyls in plasma; (E) Western blotting for protein carbonyls (upper) and coommassie blue staining for protein levels (lower) in thymus and (F) Quantitative results of protein carbonyls in thymus. Data are means ± SEM (n = 8). *P <
Mitochondrial dysfunction in type 2 diabetic GK rats
Mitochondria participate in intermediary metabolism, calcium signalling and apoptosis. Therefore, it is possible that mitochondrial dysfunction would give rise to a predictable set of defects in all tissues in aging, stress, and age-associated diseases [27] [28] [29] . The GK rat model has been shown to have mitochondrial dysfunction in the liver [9] . In the present study, we also found GK 
Increased oxidants and oxidative damage in type 2 diabetes
Increased oxidative damage due to oxidant attack on lipids, proteins and nucleic acids has been attributed to immune dysfunction. The oxidant/antioxidant balance is an important determinant of immune and other cell functions under normal or stress conditions [28, 30]. We have shown that lipid peroxidation and protein oxidation were significantly increased in the plasma and the thymocytes of GK rats, compared to Wistar rats. Oxidative damage to biomolecules such as lipids and proteins is caused by increased ROS due to abnormally increased levels of intracellular calcium. It was found that the GK rats do have both increased ROS and calcium in their thymocytes.
A second consequence of increased ROS may be the weakening of the antioxidant defence system by decreasing antioxidants and inactivating antioxidant enzymes. We, therefore examined T-AOC, levels of the highly important endogenous antioxidant GSH and the antioxidant enzymes GST and SOD. All of these parameters, except GSH, confirmed a significant decrease in the antioxidant defence system. [9, 10, 31, 32] . [33] . Consistent [35] . The p53 tumour suppressor gene product plays an important role in the regulation of apoptosis through either caspase-dependent or independent pathways and concomitant upregulation of cyclin-dependent kinase inhibitor p21 [36] . The 
The increase in GSH in plasma of GK rats is unexpected but is not unusual nor unexplainable. It has been shown that GK rat liver mitochondria show a decreased ATP/ADP ratio, accompanied by an increase in both respiratory function and complex activity
The increased respiratory activity in liver mitochondria is considered a metabolic adaptation or adjustment to glucose injury (glucose toxicity) in hepatocytes due to a decrease in ATP synthesis. The metabolic adaptation/adjustment of liver mitochondria to glucose toxicity is further indicated by the fact that GK rats, compared to Wistar rats, have a higher level of the antioxidant coenzyme Q in their liver mitochondria
Rationale for choosing the mitochondrial nutrients
The rationale for choosing for choosing these four mitochondrial nutrients is briefed as below. LA is a mitochondrial nutrient able to scavenge free radicals, chelate iron to prevent the generation of free radicals, induce phase 2 enzymes, stimulate mitochondrial biogenesis and act as a cofactor of pyruvate dehydrogenase and lipoamide dehydrogenase [12, 38] . Lipoic acid has been used for treatment of diabetes complications, such as neuropathy [39] . Acetyl-L-carnitine has been shown to be effective for improving insulin-mediated glucose disposal either in healthy subjects or in type 2 diabetic patients [40, 41] . We [26] [26] . Finally, an important factor in choosing lipoic acid and acetyl-L-carnitine in combination was their synergistic ability to improve mitochondrial function, ambulatory activity and cognition in old rats [42] [43] [44] and beagles [45] .
Two reasons were behind our inclusion of biotin. First, four of the five biotin-dependent carboxylases are in the mitochondria. Second, a high intake of biotin may exert effects on ␤ cells, liver and skeletal muscle, that favour good glucose tolerance [46] . Pancreatic islet dysfunction is an important feature of GK pathogenesis [6, 47] . Niacin appears to protect against the loss of ␤ cell function in type 1 diabetes [48, 49] 
